The principle of feedback control is thought to be fundamental for maintaining homeostasis in biological systems. In the respiratory system, constancy of arterial Pcoz, Poz, and pH is also maintained essentially by means of a feedback control system. For the sake of simplicity, let's assume that the respiratory system is regulated by only one controlled variable, Pa~oz. According to control theory, the basic structure of a feedback control system may be represented by two components, a controller and a controlled system (plant) as shown in Fig. 1 a. The controller of the respiratory system consists of the medullary respiratory center, central and peripheral chemoreceptors and related sensory and motor nerve systems. The controlled system is the lung gas exchanger in which numerous alveoli, conductive airways, pulmonary capillaries, and respiratory muscles in the chest wall and the diaphragm are involved. The purpose of the respiratory feedback system is to keep the output of the controlled system, i.e. the controlled variable, within a relatively narrow range around the desired value or set point under any conditions. When CO2 is fed into the gas exchanger in excess of its resting level, the first step to take place in the respiratory system is the measurement of the controlled variable, Pa~oz, by means of the central and/or peripheral chemoreceptors. The measured value is then compared with the desired Pa~oz, and the controller generates a signal proportional to the difference between the measured and desired values of Pa~oz (error signal),which causes ventilation to increase. As a result of hyperpnea, excess CO2 accumulated in the lung gas exchanger is excreted, and Pa~oz returns to its initial level. Feedback control of the respiratory system has been well established as valid when CO2 is inhaled via the airways. However, it is difficult to explain ventilatory responses to exercise by the feedback principle, since during exercise below the anaerobic threshold, appreciable changes are observed neither in arterial Pa~oz nor in pH. Obviously, error-free control operates when metabolic CO2 is assumed to be a disturbance. In view of this, as noted by DEFARES [18], respiratory control during exercise has long been regarded as "forbidden territory"
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It is possible that the CO2 sensitivity (gain) of the controller increases as a function of exercise load. This, however, is theoretically invalid because in order to achieve an error-free control standing on the basis of proportional control, the gain must increase infinitely, which would make the system very unstable. It has been confirmed that the slope of a CO2 response curve does not significantly change during exercise [2] . Another possible mechanism is that the Pa~oz set point may be lowered from its resting level just enough to cancel anticipated error signals. The problem is that the new set point is not the value really desired. DEFARES [18] postulated that this kind of control may be possible if the controller "knows" the intensity of exercise in advance via certain pathways, for example, afferent neural signals originating in the exercising muscles, and/or cortical commands for realizing exercise. However, direct evidence to support this assumption is lacking. Operation of the feedback controller with zero steady-state error may be possible if integral action of the respiratory controller is assumed, i.e. the controller may provide a signal proportional to the time integral of the error signal, as postulated by GROINS and JAMES [25] . If integral action takes place in a feedback control system, the error signal tends to zero with time independence of the intensity of disturbing input when the disturbance is constant. Observed changes in Pa~o2 in response to exercise of a constant load seem to support this assumption. However, the question arises that if the controller is operated during exercise according to the integral control principle, the same principle should also apply during C02 inhalation experiments.
The most simple explanation for exercise hyperpnea is that ventilation may be driven by other factors, unrelated to the C02 feedback system but somehow linked to metabolic C02, i.e. the concept claiming the existence of intrinsic exercise stimuli (see Fig. 1 b) . Since it would be rather difficult to maintain arterial C02 homeostasis by means of feedforward control alone, it has been generally postulated that feedforward control only adjusts ventilation coarsely, and fine regulation is subsequently performed by means of feedback control.
NEURAL STIMULI FOR EXERCISE HYPERPNEA
Afferents from exercising muscles It has generally been accepted that neural afferents from contracting skeletal muscles provide, more or less, signals to activate respiratory and circulatory responses. Recent achievements in neurophysiology suggest that group III smaller myelinated or group IV unmyelinated afferents are involved in the mechanism inducing cardiorespiratory acceleration during exercise [38, 53] . Muscle spindles and tendon organs, from which afferent signals are transmitted through large sensory fibers belonging to groups I and II, are believed to exert no effect on cardiorespiratory responses during muscular exercise, opposing the early work of COMROE and SCHMIDT [14] . MCCLOSKEY et al. [37] reported that mechanical vibration of limb muscles, which is known to be a powerful stimulus to the muscle spindles, had no appreciable influence on respiration in anesthetized cats. The preferential block of large myelinated afferents (groups I and II) from the exercising muscles does not abolish the evoked cardiovascular and respiratory responses of anesthetized animals to electrically induced exercise, whereas the preferential block of small myelinated (group III) and unmyelinated (group IV) fibers does [38, 53] .
These thin high threshold fibers are innervated in free nerve endings in the muscles, and are thought to act polymodally, i.e. they can be stimulated by pressure, pain, and several chemical substances such as KCI and NaCI [34] . Since these stimuli would develop more vigorously in isometric than in isotonic contractions of muscles, the peripheral neurogenic drives to the respiratory and circulatory centers are expected to be more intensified during static exercise than dynamic exercise. MCCLOSKEY and MITCHELL [38] reported that electrically induced isometric exercise by hind limbs of anesthetized cats caused heart rate, blood pressure, and ventilation to increase, and that these changes were abolished when the dorsal roots were cut. Recent work by TALLARIDA et al. [52] has suggested that two different types of muscular reflex may be involved in the control mechanism of breathing patterns during exercise: one predominantly activated by rhythmic contractions increasing respiratory frequency, the other activated by tetanic contractions increasing tidal volume.
WEISSMAN et al. [61] , and CROSS et al. [15] , however, observed in anesthetized animals that the steady-state ventilatory response evoked by induced exercise, showing a proportional relationship between ventilation and metabolic C02 production rate ( v02) under arterial isocapnia, was not significantly altered by transection of the spinal cord. These results are obviously opposite to those obtained by TIKES [53] , and also contradict the classical work of KAO [30] who claimed that almost the entire ventilatory response to exercise is caused by neural reflex arising in the exercising limbs. WEISSMAN et al. [61] ascribed the cause for the discrepancy between Tibes' data and their own to the impaired chemosensitivity of Tibes' preparation, probably originating in the state of anesthesia. It was also suggested as a criticism of Kao's experiments that direct activation of neural afferents, probably due to stimulating currents which were too strong, might have evoked ventilatory responses of his "neural dog," rather than muscular reflex doing so [15, 61] . MIYAMOTO et al. [41] compared ventilatory and circulatory responses to rhythmic static exercise and dynamic cycle exercise, the loads of which were adjusted to produce an equal 02 consumption (J02) in conscious humans. Respiratory frequency and heart rate were more significantly accelerated during rhythmic static exercise than during dynamic exercise. Although the ventilation equivalent for 02 (VE/ V02) determined in the steady-state of the static exercise was significantly higher than that for the dynamic exercise, the ventilation equivalent for C02 (VE/ 'co2) was almost equal in both types of exercise. These authors concluded that possible neural factors driving cardiovascular and respiratory responses during exercise are of little importance in the steady-state of exercise. The recent work of BRICE et al. [9] , carried out on paraplegic subjects with spinal lesions, supports this view. TAKANC [51] reported, however, that a progressively incremental cycle exercise, performed at a high pedal rate, resulted in a slightly larger increase in minute ventilation (1'E) and a lower end-tidal PC02 (PETco2) at any given level of ' 2 when compared with the responses to a low pedal rate, suggesting a predominant role of the peripheral reflex during the unsteady-state of exercise.
It has generally been recognized that respiratory frequency entrains to the rhythm of exercise under some conditions [7] . IscoE [28] in intact cats and KAWAHARA et al. [32] in decerebrated cats found that coupling between stepping and ventilatory rhythms became intensified with the speed of locomotion, the entrainment of 1:1 being observed when the animal was galloping [32] . It has been demonstrated that respiratory frequency entrains to the rhythm of repetitive stimulation of the peripheral somatic afferents [31] . Entrainment has been reported to occur more readily in humans by the use of a metronome for pacing, suggesting additional involvement of cortical factors in the phenomenon [7] . acceleration during exercise. Since these signals from the cortex for realizing exercise should be proportionally related to the metabolic C02 produced in the exercising muscles, this can be good feedforward information for the respiratory controller for predicting the magnitude of disturbance in advance.
ELDRIDGE et al. [20] stimulated the subthalamic locomotor region (STLR) in the diencephalon of decorticated, decerebrated, and intact anesthetized cats. In all cases, when locomotion occurred, respiration and arterial pressure increased in proportion to the level of locomotor activity, despite ablation of the C02 feedback mechanism. Respiration and arterial pressure increased similarly during fictive locomotion in paralyzed animals, i.e. locomotory activity in the motor nerves to the leg in the absence of actual muscular contraction. They assumed that command signals emanating from the hypothalamus provide the primary drive for changes in respiration and circulation during exercise. Although their experiments seem to support the central command hypothesis for the genesis of proportional changes of respiration and circulation during exercise, the results cannot be compared in quantitative terms with those in which ventilation is directly monitored, since ELDRIDGE et al. [20] estimated ventilatory activities by phrenic nerve discharges. BRICE et al. [10] have postulated that the central command is not requisite for the matching of ventilation to metabolic C02, since they found no significant difference between ventilatory responses to voluntary exercise and electrically induced exercise in humans.
The STLR may modulate the descending central commands and the ascending reflex signals from the contracting muscles. Stimulation of a low intensity to the STLR can evoke cardiorespiratory responses alone without causing locomotion in anesthetized cats. WALDROP et aI. [54] compared the responses evoked by STLR stimulation with those evoked by muscular reflex. In response to STLR stimulation the respiratory frequency, heart rate, and arterial pressure were significantly higher than when evoked by muscular contraction. Combination of STLR stimulation and muscular contraction, however, yielded a smaller increase in the cardiorespiratory responses than would be predicted by summing the individual responses.
2.
HUMORAL STIMULI FOR EXERCISE HYPERPNEA Cardiodynamic hyperpnea WASSERMAN et al. [57, 59] postulated that C02 flow from venous blood to the lungs, i.e. the product of cardiac output (Q) and mixed venous C02 content (Cvc02), is a prime determinant of hyperpnea during exercise. More recently, MIYAMOTO et al. [39, 40, 43] determined the kinetics of Q by adopting an ensemble-averaging technique to impedance cardiography, evidently showing that the change in Q precedes that in ventilation during most of the unsteady-state period of exercise except for phase I. The impedance technique has recently been proved to be valid as an appropriate method for estimating stroke volume during exercise in comparison with dilution [45] and C02 rebreathing methods [19] . Although the mechanism linking C02 flow to the ventilatory response is unsettled, WASSERMAN et al. [57] seemed to assume a mechanism based on a feedback principle, in which the respiratory controller is thought to track the PaC02 error signal continually.
Humoral and cardiac factors related to exercise hyperpnea Figure 2 shows the relationships between VE and each of PETC0 2, Q, C02 flow (Qco2 = Q times CvC02), and Vco2 obtained from healthy subjects during the steadystates of mild to moderate exercise [42] . Q and CvC02 were determined using a new rebreathing method developed by MocHIzu I et al. [44] . Except for PETco 2, the correlations between VE and each of these variables are highly significant. It should be pointed out, however, that the highest correlation was obtained in the relationship between VE and Vco2.
It has long been established that PaC02 during exercise is well regulated at its resting level in humans [3, 56] , or even hypocapnic in some species [13] . Thus, it seems unlikely that PaC02 error signals drive steady-state ventilatory responses during exercise. During the unsteady-state, however, transient changes in PaC02 and Pa02 can be expected [62] . Since transfer functions relating exercise stimuli to cardiorespiratory responses are known to be represented roughly by a first order system with a minimum time delay [ 35, 39, 40, 63] , the kinetics thereof can be determined by unique time constants. So far, studies to determine the time constants for these variables have been carried out adopting various types of exercise forcings such as step [35, 39, 63] , impulse [4, 40] , sinusoidal [4, 12, 40] , and pseudo-random forcings [8, 24] . The time constants obtained by these techniques were generally in good agreement in spite of the difference in the types of forcing, suggesting a rather linear property of the regulatory system within a subanaerobic range of exercise load.
Summarizing the previous data, it appears that the time constant for J" is about 50-60 s, which is very close to, but slightly less than, the time constant for VE [35, 39, 40, 63] , while the time constant for J" is about 40s. A shorter time constant of 20-25 s has been determined for Q [39, 40, 43 ] (see Fig. 3 ). Thus, a transient rise in PaC02 and a transient fall in Pa02 occur during the phase II response to step exercise because of temporal mismatching between the rates of increase in VCO2, Vo2, and VE. Since these fluctuations in PaC02 and Pa0 2 during the period seem to be sufficient to stimulate the peripheral chemoreceptors, the chemical feedback control system is assumed to play a role during the initial stage of exercise onset (phase II). It has been confirmed that the removal or hyperoxic depression of the carotid body slows down the phase II kinetics [11, 46, 55, 60] , while hypoxia speeds it up [55] .
JONES et al. [29] found in dogs that right atrium strain caused by an increase in Q correlates linearly with VE. It was assumed that the mechanoreceptors involved in this organ are activated by a sudden increase in venous return at the onset of exercise, and the reflex therefrom may provide a direct link between Q and VE without the mediation of any chemical factors, i.e. a physically mediated cardiodynamic hyperpnea. They assumed that this process might be involved in the mechanism eliciting the very early ventilatory response at the onset of exercise (phase I). A close linkage between the kinetics of Q and VE during the early period of exercise onset can be expected from the observation showing a constancy in both PETco2 and gas exchange ratio during this period [57] . However, direct measurement of Pa~o2 in humans has demonstrated slight hypocapnia in rest-to-exercise transitions [22] . Indeed, ADAMS et al.
[1] and MIYAMOTO et al. [42] observed in humans that the ventilatory responses start to increase before appreciable changes in Q occur. The phenomenon should rather be ascribed to certain neural factors, probably mediated from the cerebral cortex, since it has been reported that the phase I response disappears in decerebrated animals [30] , in electrically induced exercise [14, 61] (but see [26] ), and diminishes in amplitude when exercise is started from a low level of basal exercise [63] . However, HIDA et al. [26] postulated a The kinetics of Qco2 is almost fully determined by that of Q, changes in Cvco2 contributing only a little. This is because the increment of Cvco2 due to moderate exercise is rather small when compared with the significant increment in the Q response. It is also difficult to assume a direct link between Qco2 and VE, because of a lack of evidence proving the existence of venous chemoreceptors, and because of large difference between the kinetics of VE and Qco2. Significant correlations between VE and Vco2 have been repeatedly observed during the steady-state as well as the unsteady-state of exercise [12, 35, 39, 40, 56] . Although the kinetics of both the variables are very similar, emphasis has been laid on the fact that changes in J02 always precede those in VE. This implies that the change in Vco2 is not caused by primary changes in VE, but rather that it is the origin of the VE variation. SHELDON and GREEN [49] suggested that a C02-sensitive chemoreceptor might exist in the lung parenchyma from the observation adopting an isolated preparation of the pulmonary and systemic circulation of dogs. The observed increase in VE was, however, only 75°c when pulmonary Pc02 rose to 80 mmHg with PaC02 remaining constant. Thus, this mechanism cannot be a major drive in exercise hyperpnea.
Ventilatory responses to C02 loaded via venous blood C02 loading via the venous side of the systemic circulation is taken to be a kind of simulation for exercise, thereby ventilatory responses to C02 can be demonstrated in a pure form without interference of neural stimuli that would occur in actual exercise. The observed responses to infused C02 are, however, rather conflicting. WASSERMAN et al. [58] found in anesthetized dogs that ventilation increased, without any appreciable change in Paco2, in proportion to Vco2 loaded using an arteriovenous bypass system. FORDYCE and GRODINS [21] repeated Wasserman's experiments as closely as possible, and found, in contradiction to Wasserman's observation, no statistically significant difference between ventilatory responses to infused and inhaled C02. As a possible factor for the discrepancy, these authors suggested that the combined effect of the Vco2 variation in a relatively narrow range, and the base line shift that would occur as a result of changes in the anesthetic state of animals with time, might have been responsible. Later on, PHILLIPSON et al. [47] performed load and unload experiments of venous C02 in conscious sheep adopting a wide range of Vco 2 variation (0-800%), and found a linear relationship between changes in the infused Vco 2 and the resultant ventilatory responses. Paco2 was reported to remain unchanged near the control level throughout the Vco2 variation studied. Recently, TAKAHASHI and Asm [50] repeated similar load-unload experiments in anesthetized, paralyzed, and artificially ventilated dogs. The dog was hyperventilated at a fixed rate and C02 was inhaled adequately to keep the precise isocapnia of the animal independent of C02 load. They reported that there appeared to be no meaningful correlation between infused V02 and phrenic nerve outputs, despite wide variations in arterial P~oz oscillation.
It is difficult to identify the cause of the discrepancies between these experiments. C02 can usually be infused either using an arteriovenous bypass or using a veno-venous bypass. Since peripheral resistance to the systemic circulation would probably differ between the two preparations, Q, venous return, and C02 flow would also vary depending on the infusion systems. As is well known, the lungs also act as a heat exchanger in some species. It appears that ventilatory responses to C02
are influenced by descending neural signals relating to thermoregulation.
Oscillations in Pacoz
Another potential factor linking V~oz to VE is the respiratory oscillations in Pa~oz, this hypothesis being first proposed by YAMAMOTO [64] . Assuming that the rate of C02 delivered from the pulmonary capillaries into the alveoli is constant at a given exercise level, the alveolar fraction of C02 is at a minimum at end-inspiration because of dilution by fresh air, while it is at a maximum at end-expiration. The amplitude of the C02 oscillation is therefore assumed to increase with V~oz. CROSS et al. found in dogs [16] and also in cats [17] that changes in the slope of the downstroke of the arterial pH oscillation, the term being synonymous with the upstroke of Pa~oz oscillation, were closely related to V"oz and the resultant VE changes, leading to the prediction that the PaCO2 oscillation, detected by the carotid bodies, can be a potential humoral signal for exercise hyperpnea. Later on, BAND et al.
[6] demonstrated in humans that the amplitude of oscillation in arterial pH is actually enhanced in response to exercise. Since the oscillation is thought to be heavily damped in the CSF, it is hardly expected that the medullary chemosensitive area is involved in the mechanism of oscillation-induced hyperpnea. WASSERMAN et al. [60] observed in carotid body resected humans that the steady-state ventilatory response (phase III) to exercise of a subanaerobic level is not significantly different from that of intact subjects. This observation rejects the possibility that C02 oscillation may play a prime role in linking V~oz to hyperpnea. HONDA et al. [27] , however, reported opposite results, suggesting that the steady-state responses to moderate exercise are significantly reduced in patients with bilateral carotid body resection when compared to either those with unilateral resection or intact subjects. Further investigation concerning the matter is required.
Ventilatory responses to arterial potassium ions
Recently, BAND and LINTON [5] and LINTON and BAND [36] have proposed another hypothesis suggesting K + ions released from exercising muscles may be an important drive to ventilation. This group demonstrated in anesthetized cats that intravenous injection of KCl produced an increase in carotid body chemoreceptor activity synchronized with hyperpnea [36] . The ventilatory responses to hyperkalemia were intensified in a hypoxic condition, and were abolished by peripheral chemodenervation. When the animal was initially loaded by intravenous infusion of C02, hyperkalemia enhanced the ventilatory response to C02. It has been explained that K+ ions alter the membrane potential of chemosensitive cells, depolarizing it towards the threshold for firing and so increasing the gain of the receptor to C02 or pH [5] . Since the ventilatory responses to hyperkalemia were rather small in comparison with those observed in actual exercise, it seems difficult to believe that K + ions evoke hyperpnea independent of C02 stimuli.
OPTIMIZATION STRATEGY OF THE RESPIRATORY CONTROLLER
Recently, POON [48] has reported, by adopting the concept of optimization control, an interesting simulation which may explain discrepancies between the ventilatory responses to metabolic and inhaled C02 (see Fig. 4 ). The input of the respiratory controller (J) is given as the sum of the cost required to maintain Pacoz at a constant level (J~), and the ventilation cost required to attain C02 homeostasis (Jm). When CO2 is fed into the gas exchanger, either from the pulmonary capillaries or from the airways, Pacoz would increase if ventilation remained at the resting level before the disturbance is given. In order to maintain Paco2 at its set point, VE needs to be enhanced up to a certain level determined by the alveolar equation. However, the respiratory movements for excreting alveolar CO2 require additional work by the respiratory muscles. Poon's model postulates that VE is always actively chosen by the respiratory controller to minimize the total cost J. J~ is expected to decrease with increasing VE when Pacoz approaches set point. On the contrary, Jm rises directly with VE. Thus, at a specific VE, the total cost J reaches a minimum. The simulation demonstrated that isocapnic hyperpnea can be attained with exercise, Fig. 4 . A schematic diagram representing optimum strategy of the respiratory controller (rearranged from [48] 
CONCLUSION
The concept of an optimal controller seems to explain adequately the observed discrepancies between ventilatory responses to metabolic and airway loads of C02. The physiological interpretation of optimal regulation is, however, that the sensitivity of the controller becomes higher during exercise than when at rest. Unfortunately, experimental observations do not support this as mentioned above. Nevertheless, the concept of optimization incorporates an important suggestion. Since the day of Geppert and Zuntz who have noted in 1 888 that exercise hyperpnea is induced by an unknown blood-borne substance X [23] , intensive efforts by numerous investigators to find the X have continued for almost one century. Even now, candidates are still being proposed. However, no single factor that can explain all the experimental results has yet been identified. The findings are very confusing and they conflict with one another. For some people the "X" may be humoral stimuli, but for others it may be neural. There exist differences in species, preparations, and methodologies. However, in addition to these differences in experimental conditions the mode of signal processing in the respiratory controller may possibly be responsible for these discrepancies. Traditional logic in physiology seems to be based on the assumption that when we cut a control path in a regulatory system, the activities of the remaining intact paths persist unchanged. If this were not true, our logic would lose its fundamental basis. In this context, the recent finding of Waldrop et al. [54] , suggesting an inaccordance of output from the respiratory controller when pleural stimuli are fed individually or simultaneously, is impressive. This phenomenon should not be merely ascribed to the non-linear property of the respiratory controller which, for example, may be caused by multiplicative action between stimuli. However, it may suggest a possibility that these stimuli mask each other when they act simultaneously, even if each of them in an isolated circumstance can explain the whole response. Therefore, intensive attention should be devoted to the functional structure of the respiratory controller itself in the future. 
